We fabricate a silicon nanorod-based metasurface that shows vivid colors. Each nanorod supports electric and magnetic dipole modes whose coupling leads to collective resonances. The reflected field is described by a classical coupled dipole model.
I. INTRODUCTION
There is currently much interest concerning opticallyresonant nanoparticles, mainly owing to their ability to generate substantial near-field enhancements and to modify the amplitude and phase of far-fields. Recently, experimental demonstrations have been made of resonances of all-dielectric nanoparticles of high refractive index [1, 2] . Here, for the first time to the best of our knowledge, we demonstrate silicon metasurfaces that generate vividly-colored reflections. We show that these originate from electric and magnetic dipole modes that couple to form collective resonances.
II. EXPERIMENT AND RESULTS
The fabrication process begins with thinning the device layer of a silicon-on-insulator (SOI) wafer down to a thickness of 190 nm. Nanorods are then formed by ebeam lithography and dry etching in square lattices (300 nm period, Fig.1 ). The substrate Si of the SOI wafer is then removed to prevent the reflection that would otherwise occur. Bright-field microscopy ( Fig.2) reveals that the nanorod array exhibit vivid colors. With increasing nanorod diameter (~68 nm to ~163 nm), the color of the silicon metasurface changes from blue to red. We measure the reflectance spectra of nanorod arrays ( Fig. 3) , with a multilayered dielectric mirror with known reflectance used as the reference. These spectra thus represent absolute reflectance. Large reflectance is found from the nanorod arrays, particularly for the red-colored array, whose reflectance reaches ~87% near =680nm. Interesting, our experiments (Fig. 4) reveal that an array of nanorods in a square lattice (300 nm period) produces a reflection spectrum very similar to that from nanorods in a triangular lattice (322 nm period). These arrays have the same nanorod surface density. This is different from conventional gratings for which reflectance is highly dependent on periodicity. 
III. SIMULATION AND CALCULATIONS
We next consider the nature of the modes. Finitedifference time-domain simulations of the scattering cross section spectrum of a single nanorod on an SiO2 substrate show two dominant peaks (Fig.5) . Examination of the field distributions (Fig.5 inset) reveals that these correspond to electric and magnetic resonances. The magnetic resonance exhibits an anti-parallel orientation of the electric field at opposite sides of the particle and a maximum of the magnetic field at its center [3] . We further study the nature of the modes by breaking the extinction cross section of a single Si nanorod into electric and magnetic dipole components. This is done by performing discrete dipole approximation (DDA) calculations, then finding the electric and magnetic dipole moments from the discrete dipoles as follows:
where is the position vector of the th dipole, and is the position vector for disk center. Fig. 6 confirms the electric and magnetic dipole nature of the extinction peaks. Fig. 6 . Calculated extinction spectra of single silicon nanorod.
At normal incidence, the coupled dipole model yields the following expression for the reflectance [4] .
where SL is the area of the unit cell, α E and α M are the electric and magnetic dipole polarizabilities, respectively, 0 k is the wavevector, and ij is the angle between the incident electric field polarization and the position vector ij r , which is the location of the dipole with index
IV. CONCLUSIONS
Due to operating in the visible portion of the spectrum, we anticipate several potential applications for our silicon metasurface, including document security, LEDs, solar energy and single molecule detection.
